Salt marshes continue to degrade in the United States due to indirect human impacts arising from tidal restrictions. Roads or berms with inadequate provision for tidal flow hinder ecosystem functions and interfere with self-maintenance of habitat, because interactions among vegetation, soil, and hydrology within tidally restricted marshes prevent them from responding to sea level rise. Prediction of the tidal range that is expected after restoration relative to the current geomorphology is crucial for successful restoration of salt marsh habitat. Both insufficient (due to restriction) and excessive (due to subsidence and sea level rise) tidal flooding can lead to loss of salt marshes. We developed and applied the Marsh Response to Hydrological Modifications model as a predictive tool to forecast the success of management scenarios for restoring full tides to previously restricted areas. We present an overview of a computer simulation tool that evaluates potential culvert installations with output of expected tidal ranges, water discharges, and flood potentials. For three New England tidal marshes we show species distributions of plants for tidally restricted and nonrestricted areas. Elevation ranges of species are used for short-term ( Ͻ 5 years) predictions of changes to salt marsh habitat after tidal restoration.
Introduction

S
alt marshes contribute significantly to the ecosystem services provided by estuaries valued highest among all biomes (Costanza et al. 1997) . Although salt marshes currently are protected from most of the direct anthropogenic impacts in the United States, salt marsh degradation continues due to indirect human impacts. Along much of the world's coastlines structures designed to stabilize and protect property prevent landward migration of coastal marshes with rising sea levels (Pilkey & Neal 1992; Pethick 1993) . Transportation and agricultural development has led to the reduction and obstruction of tidal flows and added to the significant loss of salt marsh area and function. The lack of saltwater tidal exchange in restricted salt marshes has (1) promoted the spread of invasive and exotic species that are less tolerant to salt water than Spartina alterniflora (smooth cordgrass) and Spartina patens (salt hay) (Roman et al. 1984; Burdick et al. 1997) ; (2) restricted nekton distribution (Dionne et al. 1999) ; (3) promoted the oxidation of sediment organic matter, leading to subsidence (loss of elevation; Burdick et al. 1997; Portnoy & Giblin 1997) ; and (4) decoupled the natural sedimentation process in marshes from tracking sea level rise (Pethick 1993; Boumans & Day 1994) .
In New England many marsh systems became restricted this century after road maintenance responsibilities were transferred from individual landowners and towns to state and federal authorities. For decades transportation engineers installed undersized and inappropriately placed culverts without consideration of ecosystem processes within salt marshes. The altered hydrology led to significant degradation and loss of salt marshes (United States Department of Agriculture (USDA) 1994; Burdick et al. 1997 ). More recently, efforts were initiated to restore (as salt marsh) previously impounded areas that had changed to fresh meadows and brackish marshes. However, restoration efforts to undo the negative impacts of tidal restriction sometimes led to unintended and less than optimal results, at least over the short term (Frenkel & Morlan 1991; Rozsa 1995; Simenstad & Thom 1996; Burdick et al. 1997) .
Appropriate technological solutions for efficient restoration requires a thorough understanding of hydrological requirements of salt marsh vegetation. For example where the marsh elevation subsided or was not able to track sea level rise due to tidal restriction, the reintroduction of tides caused extended periods of flooding. This prevented successful establishment of the most flood tolerant plants. Over the long term successful restoration of areas to salt marsh will depend on adequate sediment loads and sedimentation rates to reestablish the appropriate geomorphology and vegetation.
The objective of this study was to develop predictive tools to aid culvert design for preserving or restoring salt marshes. A useful restoration tool should address the immediate effect of hydrologic restoration on the tidal range, short-term changes in vegetation that define salt marsh habitat, long-term changes in salt marsh hydrology and habitat as the system maintains itself, and protection of people and property from flooding and storm events.
We combined a simulation model describing fairly well-understood hydrologic processes with case study information on processes not well understood. This included plant habitat requirements (e.g., appropriate hydroperiod from reference marsh) and responses in geomorphology (e.g., measurements of change in surface elevation). We used three marsh systems to develop the Marsh Response to Hydrological Modifications model (MRHM) as examples of planned, unplanned, and potential restoration projects. Further management at all three sites can benefit from the hydrologic assessment provided by the calibrated model. The tools (MRHM, plant habitat requirements, and geomorphic response) can be applied to benefit planning and management of other salt marsh restoration projects that consider the use of culverts.
Study Locations
Sites for developing and applying our predictive tools were Drakes Island Marsh within the Wells National Estuarine Research Reserve in Maine (43.33 N, 70.63 W), Mill Brook Marsh at Stuart Farm in New Hampshire (43.08 N, 70.94 W) , and Oak Knoll at the Rough Meadows Sanctuary of the Massachusetts Audubon Society in Massachusetts (Table 1; 42.81 N, 70.89 W) . Each case study paired a restricted marsh with an unimpounded reference site downstream from the restriction.
Drakes Island Marsh
Drakes Island Marsh formed landward of a barrier beach system in a lagoon estuary approximately 4,000 years old (Kelley et al. 1995) . The marsh was diked ca. 1848 and used as pasture. Early in the 20th century the dike was replaced by a road with various structures used to control water flow into and out of the marsh. The restricted marsh was originally dominated by high marsh, similar to adjacent salt marsh that we used as a reference. The present culvert under Drakes Island Road is 0.9 m in diameter and open. It was originally installed in the 1950s as a 1.2-m diameter flap gate culvert to exclude salt water, but inserts used to repair the pipe reduced the diameter. The flap gate fell off in March 1988, the date we consider as time 0 for this inadvertent and unplanned tidal restoration. Recently, stakeholders and resource managers have been working to reach a consensus for proactive restoration of this marsh.
At Drakes Island Marsh downstream from the road, the wide deep creeks that conduct tidal waters to and from the marshes are bordered by mudflats. Along the broad low flanks of the main creek a wide band of low marsh dominated by Spartina alterniflora (smooth cordgrass) occurs but is replaced by typical New England high marsh vegetation at the top of the rather steep banks. The high marsh along the top of these banks is dominated by Spartina patens (salt meadow cord grass) and grades into a complex mosaic of Juncus gerardii (black grass), Triglochin marina (arrow grass), Distichlis spicata (spike grass), and short-form S. alterniflora (Warren & Niering 1993) . Along minor creeks narrow bands of tall S. alterniflora grade into the high marsh. Downstream the main stem of the tidal creek becomes rather shallow and broad, with wide mudflat and shallow pool areas occurring at elevations similar to those that support tall-form S. alterniflora downstream. At slightly greater elevations medium-sized S. alterniflora occurs in patches between pools of standing water. Spartina patens is found with increasing frequency, but never becomes dominant, because the S. alterniflora grades into a brackish community characterized by Spartina pectinata (rough cordgrass), Scirpus maritimus (salt marsh bulrush), and Typha angustifolia (narrow-leaved cattail).
Mill Brook
Mill Brook Marsh at Stuart Farm formed in a minor fluvial valley near the mouth of the Squamscott River, a major tributary to Great Bay in New Hampshire. When an access road was upgraded in the mid-1960s a bridge over the tidal creek was replaced by a pipe culvert with a flap gate. Subsequently the area became a wet meadow, flooded by snowmelt each spring and by salt water from occasional flap gate failures or storm tides over the road. Similar to Drakes Island Marsh we believe the impacted marsh originally was dominated by a high marsh plant community with low marsh species along creek banks, similar to marsh downstream. To restore salt marsh habitat upstream of the road at Mill Creek, a new arched culvert 2.1 m in diameter was installed and the flap gate on the existing culvert was removed in October 1993.
Mill Brook Marsh formed in a minor fluvial valley. In contrast to the other two sites the salinity of the flooding waters is rarely over 30 ppt and can be under 5 ppt for extended periods after extensive local rainfalls or spring snowmelt. Average tidal range is about 2 m, compared with 3 m at the other two sites. Downstream of the road the main tidal creek is about 10 m wide and supports tall S. alterniflora on moderate to steep banks with an abrupt transition to high marsh dominated by S. patens. As at the other two marshes typical high marsh grasses and forbs join S. patens downstream of the road. At Mill Brook Marsh, however, short-form S. alterniflora is not common in the high marsh, where Carex palacea (salt marsh sedge) and Scirpus maritimus dominate instead. Upstream of the road and before restoration the area was dominated by Lythrum salicaria (purple loosestrife) and freshwater meadow grasses. One year after the new culvert was installed the Lythrum disappeared, few of the freshwater meadow grasses were surviving, and most of the area was without vascular plants. Soil salinity averaged 19 ppt (Burdick et al. 1997) . Several salt marsh species had recruited but occurred as only minor amounts of cover ( J. gerardii , S. alterniflora , S. patens , and Salicornia europaea [glasswort] ). Bare sediment was commonly colonized by the algae Vaucheria sp. A more thorough description of early vegetation change occurs in Burdick et al. (1997) . By 1998, five growing seasons after restoration, tall-form S. alterniflora dominated most of the restored marsh and stands of S. patens and J. gerardii had diminished. Further upstream tall S. alterniflora was mixed with Amaranthus cannibinus (water hemp) and stands of T. angustifolia. The Typha was reduced in stature and appeared to be retreating from areas adjacent to reestablished tidal creeks.
Oak Knoll
Oak Knoll marsh is part of the Great Marsh complex in Massachusetts north of Cape Ann and south of the Merrimack River. This tidally restricted site is part of a back barrier salt marsh that formed landward of Plum Island about 6,000 years old. Most of the marsh occurs as high marsh and is surrounded by low relief islands vegetated by oak trees. A small section of marsh was divided from the larger marsh by the Route 1 causeway that was built in the middle of last century at the border of Rowley and Newbury, with the present culvert configuration established ca. 1930. Two undersized culverts (south culvert 1.03-m diameter, north culvert 0.69-m diameter) conduct tidal waters to several hectares of marsh. Although most of the area is still dominated by S. alterniflora and S. patens , large areas of this salt marsh vegetation have been displaced by Phragmites australis (common reed) and woody plants normally found at marsh edges such as Iva fructescens (marsh elder) and Juniperus virginiana (red cedar). No restoration plan has been designed or carried out at this site, so only pre-restoration data are available (Table 1) .
The salt marshes at Oak Knoll formed in a manner similar to those behind Drakes Island as sea level rose to cover areas landward of barrier beach systems. The impacted area behind the road causeway is smaller than at Drakes Island, and the drainage systems are smaller as well. Downstream from the road, deep relatively narrow creeks support tall S. alterniflora along their steep banks that grade into high marsh dominated by S. patens. Also commonly found on the high marsh are J. gerardii , D. spicata , and short-form S. alterniflora. Much of the downstream area currently is mowed for salt hay and perhaps has been for centuries. Our longterm sampling sites are on sections of marsh unavailable to mechanical harvesters and so are relatively undisturbed. Upstream of the road the creeks are reduced in depth and width, with only narrow bands of tall S. alternifora grading into S. patens with Distichlis and Juncus in some areas. The impacted area is not mowed for salt hay either. It has a complex pattern of ditches, and the many spoil banks support dense hedges of Iva fructescens (marsh elder), a small shrub. Despite these ditches most of the area is poorly drained high marsh that supports short-form S. alterniflora. Invading J. virginiana trees and stands of P. australis occupy higher elevations adjacent to the uplands.
Methods and Model Development
Field data provided the model values for the current height of the culvert within the tidal range, the dimensions (length and diameter) of the culvert, hypsometric curve of the marsh, and water levels. The model was calibrated to fit upstream water levels. At Drakes Island and Mill Brook marshes we used recording pressure transducers (Yellow Springs Instruments Company 6000 UPG) to measure water levels at quarter-hour intervals at either side of the culvert. Water levels were recorded for 16 days, between 23 April and 6 May 1996 at Drakes Island and between 22 April and 8 May 1998 at Mill Brook. At Oak Knoll we used a simple set of tide gauges (marked staffs). Water levels were recorded using two upstream (north and south culverts) and one downstream (south culvert) staff every 10 to 20 minutes for the spring tide on 5 August 1996. At all marshes relative elevations of the instruments, tide staffs, culvert inverts, marsh surfaces, and vegetation distributions were estimated with a transit and rod using standard survey methods. Plant species within salt marshes are distributed along an elevation gradient. Low marsh species such as S. alterniflora are frequently flooded and high marsh species such as J. gerardii are flooded by tides only occasionally (Nixon 1982; Warren & Niering 1993) . We examined this gradient for all marshes using the elevation ranges for single species. By surveying elevations at regular intervals (5 or 10 m) within marsh systems including creeks, we established the relationship between water level and volume (the hypsometric curve). Plant species were recorded at all points surveyed as percentage cover, using 100% as maximum, and named according to Tiner (1987) . The entire elevation range (between maximum and minimum) for major plant species are plotted along the measured hypsometric curve. Surveys sampled 4 to 24 points at regular distances along each of five to six transect lines across each marsh. Lines always started and ended at upland elevations as defined by non-wetland vegetation. The transition line from upland to marsh vegetation defined the vertical data (elevation, 0) at all sites for surface, tides, and vegetation elevations.
Marsh Response to Hydrological Modification Model
We constructed the MRHM to simulate new flooding conditions after alteration of tidal restrictions by way of culvert modification. MRHM consists of two state variables and four fluxes ( Fig. 1) . Salinity was not considered in the model because we limited our study to polyhaline marshes. Water volume of the restricted area (upstream) varies through an oscillating discharge in and out of the culvert forced by water level differences across the culvert. Additional water exchanges other than through the culvert, such as rainfall, upstream influxes, and evapotranspiration, are aggregated and designated as the "water-in" and "water-out" fluxes, respectively. Changes in water level follow the changes in water volume as modified by the geomorphology of the upstream area to predict tidal flooding.
The downstream water level is imported into the model as a forcing function using a tidal record that was measured at the downstream entrance to the cul- vert. The upstream water level is estimated from the water level represented within the upstream hypsometric curve. Flow discharge rates are calculated from equations published in Simon (1976) . Changes in water level due to changes in water volume recognize a general slope (K1) in the upstream terrain (similar to the Au term described by Roman et al. 1995) .
( 1) The parameter K0 represents the lowest elevation within the tidal range. Model calibration adjusted K1 so that MRHM output fitted the upstream water level dynamics using only the data from the downstream tidal Water level K0 K1 ϩ water volume ϫ ϭ forcing function. The coefficient of determination ( r 2 ) provides a measure of the MRHM performance. Each r 2 was derived from a comparison between the time series of water levels generated by the model and the observed water levels. Water levels were measured at Drakes Island and Mill Brook marshes over a 2-week period. At both sites we were able to calibrate for semidiurnal tides and fluctuations caused by spring and neap tides. At Oak Knoll one tidal cycle was measured during one spring tide, resulting in calibration of a semidiurnal signal (Fig. 2) .
MRHM enables a user to run simulations on various culvert designs. Different culvert sizes and depths can be tested. Lowering the depth of the culvert carries the assumption that the creek bottom will erode rapidly to match the lower culvert elevation. Other options include the addition of a flap gate, changing the length and angle of the culvert, and the installation of an additional culvert.
MRHM can model the hydrologic response resulting from culvert alterations to test management options for restoring salt marsh conditions in previously impounded or semi-impounded areas. To demonstrate the usefulness of MRHM we tested management options for the three studied marshes and used the model generated tidal regime and area flood duration to project the potential for restoration success. This was accomplished by projecting the flooding requirements and limits of native plants found downstream from the restriction on the hypsometric curve of the marsh area found upstream of the restriction. The settings of all three sites strongly suggest that before causeway construction the marshes upstream of the tidal restriction were similar in structure to those found downstream today.
Presently at Drakes Island Marsh the 0.9-m culvert severely restricts the tidal range (Table 1 ) and fails to drain the marsh completely, resulting in higher mean water elevations during weeks of spring tides and lower mean water elevations during weeks of neap tides. Without tidal obstruction spring tides have higher high tides and lower low tides, but the restrictive culvert produces higher high tides and higher low tides every other week, resulting in a biweekly tidal signal (Burdick et al. 1997) . Several scenarios were proposed during stakeholder meetings at the Wells National Estuarine Research Reserve in 1996. Modeling scenarios followed alternatives supported by various stakeholders, including landowners surrounding the marsh who were concerned about tidal flooding (DM_1), town officials (DM_2), and the authors of this paper (DM_3 and DM_4). Scenarios executed for the Drakes Island marsh follow:
(1) Installation of a flap gate at the downstream end of the 0.9-m diameter culvert (pre-restoration condition; DM_1); (2) Increasing the culvert diameter to 2 m (DM_2); (3) Installation of an additional culvert having identical dimensions as the existing culvert (DM_3); (4) A combination of the first and third scenarios: the installation of another culvert left open and the replacement of the flap gate on the original culvert (DM_4).
Tidal flooding to Mill Brook Marsh at Stuart Farm was restored in 1993 and presently has a 2.1-m arched culvert and a 1-m culvert with no flap gate, with little tidal restriction apparent. For this marsh we ran a scenario simulating pre-restoration conditions (MB_1) and a restoration that only removed the flap gate from the existing culvert (MB_2).
Currently at Oak Knoll tides are carried to the restricted marsh by two culverts, 1.03 and 0.69 m in diameter. The following restoration scenarios for Oak Knoll were developed working with the scientific staff of the Massachusetts Audubon Society. The Society manages the Rough Meadows Wildlife Sanctuary, which includes a marsh adjacent to the impacted area.
(1) Lowering the invert elevation of both culverts to the low water level in the downstream area (OK_1); (2) Increasing the diameter of both culverts to 1.2 m (OK_2); (3) A combination of both OK_1 and OK_2 (OK_3).
Long-term changes in salt marshes are to be expected (5-30 years) after reducing the tidal restriction of an area. In particular, changes that are likely to be accompanied by significant (greater than 10 cm) increases in elevation and alteration of the hypsometric relationship. To gain insight on changes in elevation we established stations for measuring accretion and substrate elevation in marsh (and some mudflat) areas. Sediment elevations were measured with a sediment elevation table over 2 years (Boumans & Day 1993) .
Results
Hydrologic Responses
Once calibrated MRHM accurately simulated tidal water exchanges through culverts and observed water levels for existing conditions (Fig. 2) . Field data provided the model values for the water levels used to calibrate the model. The model fit our data best at Drakes Island Marsh and Oak Knoll ( r 2 ϭ 0.97), where the tidal restriction had a dominant impact on water levels in the marsh. The model explained less of the water level variation at Mill Brook ( r 2 ϭ 0.92), because restoration largely eliminated the tidal restriction and the large open culvert had only a minor role in controlling water levels.
Flooded areas at all three sites were calculated from computer-generated water level changes, total marsh areas, and survey-based hypsometric curves (Fig. 3) . The average tidal exchange through the Drakes Island Marsh culvert was 413 Ϯ 8 m 3 ( Ϯ SE) per tidal cycle to flood 32 to 54% of the upstream area (depending on neap or spring tidal regime). Flood duration of vegetated areas ranged between 0 and 39% of the time, because flooding only occurred during spring tides. Periods during which the vegetation was flooded accounted for only 15% of the time when summed over 26 tidal cycles. The volume of wa-ter exchange per tidal cycle through the Drakes Island culvert proved sufficient for flooding only the lower elevations of the upstream marsh. Most of this habitat was vegetated with species characteristic of low marsh ( S. alterniflora dominated 60% of the area) but included bare intertidal peat and mudflats (8% of the area). The culvert was of insufficient size to support a normal semi-diurnal flooding pattern for most of the marsh (Figs. 2 and 3) .
Water fluxes at Mill Brook were 1,280 Ϯ 21 m 3 per tidal cycle and flooded between 80 and 92% of the upstream area. Flood duration of vegetated areas ranged between 7 and 32% of the time and occurred at every tidal cycle. Periods of flood duration summed over 26 tidal cycles amounted to 20% of the time. The culverts at Oak Knoll allowed tidal water to cover only 8% of the upstream marsh area, with this area flooded during 25% of the single tidal cycle that we observed. The total water exchange through both culverts was 1,150 m 3 .
Short-term Habitat Change
To predict the potential for salt marsh habitat development from simulated flooding under a variety of scenarios that restore tidal exchange, we related potential flooding levels (as indicated by the hypsometric curve) to plant distributions along the elevation gradient found downstream from each restriction (Fig. 4) . Curves show the percentage of area of marsh that would be flooded as water levels increase. These curves are not intended to represent elevations of marsh cross-sections but area distributions of elevations. For example the large broad creeks at Drakes Island Marsh are well represented compared with the deep narrow creeks of Oak Knoll. The flat portions of each curve reflect the preponderance of high marsh at all three sites. Comparison of high marsh elevations between downstream and upstream areas shows a pronounced difference in elevation (Fig. 4) . As a function of the degree and length of impoundment each tidally restricted marsh subsides relative to the downstream area (Table 1) . With the restriction removed water elevations contained within the channel banks downstream (such as those found at neap high tide) would flood considerable areas of the upstream marsh.
Elevation ranges for major plant species (Table 2) are placed on each hypsometric curve in Figure 4 . Low and high marsh areas found downstream from restrictions, indicated by S. alterniflora and S. patens distributions, are shown as shaded areas. These shaded areas are projected on the upstream curves to help predict habitat types under full tidal restoration. For example at Mill Brook Marsh, restoration of tidal flooding resulted in about 80% of the area being too low in elevation to expect high marsh species (as represented by S. patens) to return over the short term (Fig. 4) . Most of the elevations found upstream of the road would be suitable for S. alterniflora, however, as indicated by the shading.
At Drakes Island Marsh restoring the tidal flux to produce tidal amplitudes similar to the downstream conditions could cause declines in distribution for most salt marsh plants due to excessive flooding of the subsided marsh plain. Greater flooding might result in greater mudflat/unvegetated peat habitat at lower elevations. At upper elevations brackish and freshwater plants would die back or would be severely stressed by unimpeded tidal flow. Over time these plants would likely be replaced by species with greater salt tolerance.
Over the short term it is expected that downstream tidal ranges at both the Oak Knoll and Mill Brook sites are sufficient to restore salt marsh habitat, because elevation losses due to subsidence do not exceed plant habitat requirements (Fig. 4) . Overall we would expect plant composition at Oak Knoll to change dramatically after restoration. Lower but better drained high marsh areas will likely become dominated by medium to tall form S. alterniflora. In contrast, higher elevations that were previously poorly drained may experience greater tidal energy resulting in better drainage. We predict these areas will change from short-form S. alterniflora to S. patens mixed with other high marsh species.
Marsh Elevation Dynamics
Full tidal exchange was restored at Mill Brook in 1993. How do the changes observed here compare with our predictions? Compared with our predictions that the marsh would largely become a low marsh, both high marsh and low marsh species returned and were flourishing over much of the area by 1995. Thus, two growing seasons after restoration our prediction was wrong (i.e., low marsh plants did not dominate the area). However, by 1998 plant species of short stature such as S. patens and J. gerardii appeared to have been out-competed by the tall form of S. alterniflora, and now much of the restored marsh has become low marsh as originally predicted. Thus, though our prediction appeared to be realized for this marsh in 1998 (and again in 1999) we recognize the plant community may continue to change.
Changes in marsh surface elevation measured over a 1-to 2-year period are presented in Table 3 . With the restoration of the tidal range we anticipated that larger fluxes in mineral matter and nutrients (Boumans & Day 1994) would increase plant production and sediment accretion (DeLaune et al. 1979) , thereby leading to increased elevation. That is, we believe restoration will reverse the relative decline in elevation caused by tidal restriction. This effect was found at the Mill Brook Marsh, where the restored site is increasing in elevation (3.62 cm/yr) almost threefold faster than the reference site (1.30 cm/yr). At the Drakes Island Marsh site elevation changes were small and not significantly different from zero at impacted vegetated and unvegetated flats. However, the downstream unimpacted marsh at Drakes Island had undergone subsidence rates that were rapid and significant (Table 3) . We do not have other evidence to support this but refer the reader to other accounts of subsidence in relatively natural salt marshes (Niering & Warren 1980; Warren & Niering 1993; Ward et al. 1998 ). Similar to that found by Warren and Niering (1993) for the submerging Headquarters Marsh, we observed abundant forbs in the reference area of Drakes Island Marsh. In contrast, elevation changes at Oak Knoll were positive. Marsh areas both upstream and downstream of the tidal restriction showed rapid elevation gains, with slightly greater rates found downstream of the road (Table 3) .
Long-term Predictions of Salt Marsh Recovery
Measurements of marsh elevation change in tidally restricted, restored, and nonimpacted areas can be used to predict long-term changes in marsh habitat development. At Drakes Island Marsh the partial restoration does not appear to add significant amounts of sediment and the stressed S. alterniflora appears unable to keep pace with sea level rise. Therefore, with no hydrologic improvement at this site we might expect open water areas to increase slowly over the long term with no increases in low marsh or development of high marsh. At Oak Knoll restoration might lead to replacement of stunted with medium-or tall-form S. alterniflora as portions of high marsh become low marsh, whereas higher areas will likely maintain typical high marsh species assemblages. Juniperus virginiana and perhaps Phragmites australis will be stressed by the increased salt water flooding and eliminated (Fig. 4 shows that the area subsided about 15 cm). The potential for increased accretion rates with increased sediment supply associated with unrestricted tidal flow suggests that new low marsh areas could revert to high marsh in several years.
As mentioned previously the diverse group of high and low marsh species at Mill Brook initially replaced the freshwater meadow vegetation by the third growing season only to be replaced by tall-form S. alterniflora by the fifth growing season. We were surprised by this sequence of plant changes, because the appearance and vigorous growth of S. patens and J. gerardii suggested these plants would be able to maintain their dense stands in the face of competition from their competitive subdominant, S. alterniflora (Bertness 1991) . On the other hand our model for predicting habitat change over the short term was supported by the observed changes (Fig. 4 indicates the area should become low marsh). Perhaps more interesting is our prediction for habitat establishment at this site over the long term. With short-term elevation increases averaging 3.6 cm/yr, after our survey of 1995 only 6 years would be required for the system to gain 20 cm, which should allow it to revert to high marsh again. These shortterm predictions suggest that most of the restored area will become dominated by S. patens and perhaps J. gerardii and assume the characteristics of high marsh soon after 2001. However, we recognize that such rapid elevation increases will not likely be sustained longer than 5 years. As elevations increase flooding and the associated marshbuilding processes (filtration and accretion) should decline (Stumpf 1983; Boumans et al. 1997) . Continued monitoring will tell us whether rapid accretion rates continue and if they will be accompanied by significant sediment compaction, delaying the transition back to high marsh at this site.
Scenarios for Hydrologic Restoration
Before restoration in 1993 Mill Brook Marsh (scenario MB_1) was fresh wet meadow. Model results indicate that if only the flap gate had been removed in 1993 some salt marsh might have been restored with the increased flooding, but only up to 22% of the area (scenario MB_2; Table 4 ). After complete restoration of the downstream tidal range (present conditions), most of the area reverted from a degraded wet meadow dominated by invasive exotic species to salt and brackish tidal marsh.
The installation of a flap gate at the downstream end of the culvert at Drakes Island Marsh (scenario DM_1; Table 4 ) will cause the entire area to revert to a freshwater meadow. Without salt brought in by tidal flux the hydrology will not support any salt marsh. The lack of material exchanges and sediment oxidation from increased drainage will lead to further decline in marsh elevation. As the relative water level downstream of the impoundment increases, town officials will be forced to rely on larger and more expensive structures to maintain the road and protect residents from flooding hazards due to coastal storms.
The option of doubling the culvert diameter (DM_2) will restore some of the downstream tidal range to the restricted site and more than double the area flooded (Table 4) . However, DM_2 will also cause flooding conditions, leading to loss of vegetation at lower elevations and expansion of Spartina alterniflora and other salt-tolerant species toward the surrounding uplands. The expected decline in cover of vegetation under DM_2 may not provide conditions necessary to fulfill the long-term target of reestablishment of high marsh, which requires sediment accretion from plant organic matter and inorganic sediments.
Installation of an additional culvert with identical dimensions to the existing culvert (DM_3) will increase the tidal flux less than one large culvert (DM_2). Under DM_3 the potential for restoration and impact of the tides will be intermediate between present conditions and those under DM_2. Over the long term, flooding, sediments, and vegetation may interact under this scenario to increase the elevation of the marsh surface. After a decade, monitoring results that confirm such predictions could provide the basis for further modification to increase tidal exchange.
Installation of an additional culvert with identical dimensions and replacing the flap gate on the existing culvert is DM_4. Under this scenario the tidal range will increase (a stronger semi-diurnal component and greater amplitude) due to twice the drainage potential compared with the flooding potential. Under DM_4 the greater tidal drainage will encourage expansion of S. alterniflora at lower elevations but will reduce the area flooded by tides, allowing freshwater plants to encroach on the edges of current salt marsh habitat.
Simulations using expanded culvert dimensions and lower culvert elevation at Oak Knoll did not result in important changes in tidal range or water fluxes (Table   4 ). Existing conditions (two small culverts placed at a high elevation within the tidal range) did not appear to be overly restrictive during the spring tide that we observed (when tides would normally flood much of marsh). However, the two culverts excluded much of the potential exchange during neap tides for waters that would have only filled the channels. We also assume that the culverts restrict flooding during very high and storm tides. Data on elevation change did not indicate any significant differences between the reference and restricted areas had occurred from 1995 to 1997. However, the nonsignificant differences detected over the two years (2.8 mm/yr), if applied over the life of the restriction (60 years), results in an elevation decline of 16.8 cm (under the unlikely assumption that accretion proceeds in a linear fashion over time). Our elevation survey of the marsh did show slight subsidence (16 cm) in the restricted marsh, indicating impacts to marsh accretion processes. Considering the difference in elevation and the invasion of undesirable plants to the restricted marsh, enlargement of the culvert is recommended to restore the full potential tidal range to the upstream area. Our restoration model predicts that over the short term plant communities will change positions in the marsh, compete with and perhaps eliminate some of the invasive species, and may increase productivity but will not exhibit dramatic changes. Over the long term this marsh will become and maintain itself as a typical high marsh. 
Discussion
After partial or total removal of a tidal restriction the tidal range will typically increase dramatically and may lead to extended inundation of the restored areas (Coats et al. 1989; Roman et al. 1995) . Advanced knowledge of the tidal range that is expected after restoration of tides relative to the current geomorphology is crucial for successful restoration. The resultant tidal regime should be designed to optimize the goals of the project within the constraints of the specific system studied (Coats et al. 1989) . For the three projects examined here the primary goal was to restore salt marsh functions to approximate natural healthy systems. Restored marsh arises from the increased tidal prism (the difference in water level between high and low tide). Greater tides passing through the restriction and onto the marsh likely lead to changes in geomorphology that result from channel enlargement and incisement as found by Frenkel and Morlan (1991) , and Simenstad and Thom (1996) . We measured accelerated accretion of sediments on the marsh surface of our restored site at Mill Brook and a decrease in subsidence relative to the reference area at our partially restored site at Drakes Island. Large emergent plants that are characteristic of fresh and brackish marshes often invade impounded wet meadow marshes and impede water flow (Phragmites australis, Typha angustifolia, Scirpus robustus). Die back of these plants may result in greater water flux to and across high marsh areas, leading to further inundation and an increased tidal prism (R. Rozsa, 1994, personal communication) . Prediction of restoration outcomes can be based on MRHM scenario simulations coupled with a knowledge of flooding requirements of local species observed at reference sites. Use of downstream marsh areas as references for assessment is appropriate for many projects that restore tidal exchange. Where these do not exist or are inappropriate (e.g., if different salinity regimes are expected), adjacent systems that have unrestricted hydrology and mixing regimes should be sought as reference areas. At Mill Brook short-term changes we observed in the plant community (initial colonization of large areas by S. patens and J. gerardii) were unexpected. These plants are thought to be restricted from lower intertidal areas of salt marshes due to the flooding regime (Bertness 1991) . Perhaps soil conditions in the upstream marsh promoted successful establishment and proliferation of these high marsh plants the first several years after restoration. The subsequent replacement of the high marsh plants by tallform S. alterniflora (some individuals exceeded 2 meters in height) suggests S. alterniflora is competitively superior under the 1998 conditions. MRHM simulations describe changes in water volume fluxes and tidal ranges under different culvert designs. Increased tidal ranges will lead to greater and more frequent flooding of the marsh. Fluxes of inorganic sediments will increase as well and through deposition should help to restore elevation losses caused by previous tidal restrictions (Frenkel & Morlan 1991; Boumans & Day 1994; Rozsa 1995) . The dynamics of sedimentation and organic matter production and storage (Callaway et al. 1997) should be examined to validate this general statement where tides have been restored.
Larger tidal exchanges account for larger material fluxes (Harrison & Bloom 1977) , and long-term restoration of salt marsh (through increased elevation) can be expected if emergent vegetation is present (Boumans & Day 1994) . When the scenario output shows water level ranges on the hypsometric relationship that will exceed the flooding tolerance of the desired vegetation, successful establishment of salt marsh vegetation cannot be expected. Indeed, even with greater sediment availability and tidal exchange, under some circumstances sediment building processes may not overcome the combination of sediment loss and relative sea level rise, and long-term prospects for recolonization may be compromised. In these cases a manipulative solution is needed that uses the natural interactions of the marsh vegetation with hydrology and sediment movement to build the marsh through partial restoration of tidal flow (scenario DM_4).
Summary
Prediction of the tidal regime that is expected after restoration using a hydrologic model such as MRHM is crucial for successful restoration. The resultant tidal signal should be designed relative to the current geomorphology to provide tidal flooding requirements for desired salt marsh plants. Less obvious effects in the restored marsh arise from the increased tidal prism, such as accelerated accretion of materials on the marsh surface.
Once the current conditions are compared with potential conditions, a solution can be pursued that will benefit the ecological functions of the site. At sites with substantial elevation losses a balance must be struck that stimulates elevation increases by improving fluxes in suspended sediments from estuaries without creating flooding conditions that cannot sustain salt marsh plants. At the same time restored conditions should enhance peat accumulation (through decreased decomposition and increased belowground production).
Simulating culvert discharges into and out of semiimpounded salt marshes is extremely useful for testing alternative engineering designs that will meet the critical requirements for restoration of salt marsh. Development of distinctive patterns of plant species along the elevation gradient is not expected shortly after restora-tion due to pre-existing soil properties. However, as areas revegetate and seed sources of appropriate species become nonlimiting, plant patterns will arise from differences in tolerance to saltwater flooding, changes in soil properties due to sedimentation and peat accretion, and differences in competitive abilities (Bertness & Ellison 1987; Warren & Niering 1993) .
